The type IV secretion system (T4SS) contributes to Brucella intracellular survival through its effector proteins. Comparative proteomic analysis showed that intracellular survival proteins are expressed differentially in a virB mutant. Interestingly, several outer membrane proteins (OMPs) are also differentially expressed, implying that T4SS might affect the OM properties of Brucella. To further evaluate the impact of T4SS on OM, in the present study, the OM proteomes were isolated and compared. Many more products of OMPs, particularly different products of the Omp25/Omp31 family, were found to be altered in the virB mutant. The transcription profiles of Omp25/Omp31 were different from those of their protein products, implying their regulation by virB at both transcriptional and post-transcriptional levels. The virB mutant aggregates at a high cell density and produces exopolysaccharide, a phenotype resembling that of the vjbR mutant. The virB mutant showed increased sensitivity to polymyxin B and decreased survival under oxidative, high-salt and high-osmolarity stresses, indicating drastic membrane alterations. These results indicated that in addition to being an effector protein secretion system, T4SS affects OM properties that might be important for the adaptation of Brucella to both in vitro and in vivo hostile environments.
Introduction
Brucellosis, also called Malta fever, is a zoonotic disease caused by members of the genus Brucella. Brucella are remarkably well adapted to the intracellular lifestyle, being able to survive and replicate inside host cells by creating a membrane-bound compartment (Pizarro-Cerda et al., 1998; Ficht, 2003) . This is one of the bases for the still poorly understood chronicity of Brucellosis. In an attempt to unravel Brucella virulence factors by transposon mutagenesis, a type IV secretion system (T4SS) encoded by the virB operon was identified (O'Callaghan et al., 1999) . The Brucella virB mutants lost the ability to affect the endosomal pathway to dock with the endoplasmic reticulum (ER) and were unable to survive within macrophages and mice (Sieira et al., 2000; Watarai et al., 2002) .
As a secretion system, T4SS may contribute to Brucella intracellular survival through its effector proteins. A recent report showed that two proteins, VceC and VceA, were translocated into host cells by T4SS. Transfection of cells with the VceC plasmid resulted in cytotoxicity, implying its role in the disruption of host cell signal networks (de Jong et al., 2008) . In an attempt to identify the target proteins affected by virB, we compared protein differences between a virB mutant and its parental strain using comparative proteomic analysis . Interestingly, several intracellular survivalrelated proteins, including VjbR, DnaK, HtrA, Omp25 and GntR, were downregulated in the virB mutant. Of these proteins affected by virB, products of the two major outer membrane proteins (OMPs), Omp25 and Omp31, were expressed at decreased levels, implying that T4SS might affect the membrane properties of Brucella. OMPs are essential for maintaining the integrity and selective permeability of membranes (Moriyon & Lopez-Goni, 1998 ). In addition, OMPs are often regulated by environmental signals and play important roles in bacterial pathogenesis by enhancing the adaptability to various environments (Lin et al., 2002; Caro-Hernandez et al., 2007) . Virulence regulation systems, exemplified by VjbR and BvrR/BvrS, regulate the expression of membrane proteins. The mutants showed an altered expression of OMPs.
Because of the limited separation resolution of twodimensional polyacrylamide gel electrophoresis (2-DE), only a small part of the proteins could be isolated and identified. Therefore, it is possible that far more OMPs are differentially expressed in the virB mutant and that OM-related phenotypes are altered. To further test the effect of T4SS on the OM, in the present study, OMPs of a wildtype and a virB mutant strain were isolated and compared. The membrane integrity was tested by comparing the sensitivity of these proteins to polymyxin B and several stresses. Notably, a large number of OMPs were differentially expressed. More protein products of Omp25 and Omp31 were shown to be altered, revealing a complicated posttranslational modification of the two proteins. In vitro sensitivity assays showed that the resistance of the virB mutant to different stress environments was reduced. These data indicated that a drastic modification in the OM of the virB mutant occurred and that T4SS plays important roles in membrane integrity.
Materials and methods

Bacterial strains
A virB inactivation mutant BMDvirB (BM with a promoter of the virB operon deleted) and complementary strains BM-IVGT (BMDvirB containing complementary plasmid pBBR1-IVGT) were constructed previously . Brucella was cultured in tryptic soy broth (TSB) or tryptic soy agar (TSA). When necessary, antibiotics were added to a final concentration of 100 mg mL À1 ampicillin and 25 mg mL À1 gentamicin.
Bacterial OM fraction isolation and protein identification
The Brucella OM fractions were isolated as described previously (Ying et al., 2005) . 2-DE and matrix-assisted laser desorption/ ionization time-of-flight(MALDI-TOF) MS were performed essentially as described previously .
RNA isolation and real-time quantitative reverse transcriptase-PCR (qRT-PCR)
Total RNA was isolated with Trizol agent (Invitrogen, Carlsbad, CA) as recommended by the manufacturer. RNA samples were then treated and reversed transcribed into cDNA following the protocol for SUPERSCRIPT II (Invitrogen). The qRT-PCR and relative transcription of genes were analyzed as described previously .
Scanning electron microscopy
Brucella melitensis strains were grown overnight in TSB medium with aeration at 37 1C. For each strain, three 1-mL aliquots of cultures in TSB medium (initial OD 600 nm 0.05) were incubated at 37 1C with shaking in a 24-well plate containing an insert plate with a porous membrane (diameter, 1.0 mm) (BD Falcon). After 24 h, bacteria were fixed for 20 min with 4% paraformaldehyde, and plates were centrifuged for 10 min at 1500 g. Membranes were cut and dehydrated for 5 min in 25%, 50%, 75%, 95% and 100% ethanol at room temperature. They were finally prepared by critical-point drying, mounted on an aluminum stub and covered with a thin layer of gold (20-30 nm). Examination was carried out with a scanning electron microscope (Hitachi S450).
Exopolysaccharide staining
Exopolysaccharide was stained as follows: bacteria in a middle logarithmic-phase culture (OD 600 nm 1.0) were fixed with 4% paraformaldehyde for 20 min before staining. For detection of polysaccharides, 1 mL of 0.05% calcofluor white (fluorescent whitener 28; Sigma) was added to 0.1 mL of paraformaldehyde-fixed cells. Visualization was accomplished using an epifluorescence microscope (Olympus IX71).
Polymyxin B sensitivity assay
The susceptibilities of Brucella strains to polymyxin B (Sigma) were determined following a protocol described previously (Martinez de Tejada et al., 1995) with modifications. Brucella melitensis strains were cultured for 72 h on TSA. Then, bacterial suspensions of approximately 1 Â 10 4 CFU mL À1 were prepared in phosphate-buffered saline and 100-mL aliquots were mixed with different concentrations of 100 mL polymyxin B (the final concentrations in the wells were 2000, 1000, 500 and 250 mg mL À1 , respectively) and cultured in 96-well plates. After a 1-h incubation at 37 1C in a 5% CO 2 atmosphere, a 50-mL aliquot of each well was serially diluted and spread in triplicate on TSA plates for CFU determination. The results were expressed as the mean AE SD of three assays. All the results represent the averages from at least three separate experiments.
Sensitivity to oxidative, high-salt and high-osmosis stresses
The sensitivity of Brucella strains to hydrogen peroxide, high-salinity or high-osmolarity stresses was determined as follows: B. melitensis strains inoculated into TSB medium were grown to the early logarithmic phase (OD 600 nm 0.6) at 37 1C. To determine the effect of high-salinity or highosmolarity stress on B. melitensis, the log-phase cells were incubated at 37 1C for 20 min in the presence of NaCl (1.5 M) or sorbitol (1.5 M). To test the effect of oxidative stress, the cells were incubated for 30 min in 440 mM H 2 O 2 . After the treatment, the survival percent of the bacteria was determined as above. All the results represent the averages from at least three separate experiments.
Results
Comparative proteomics showed that a number of OMPs were differentially expressed in BMDvirB
Previously, we compared proteome differences between BM and BMDvirB in GEM4, a which strongly induces virB. In the present study, we could not isolate enough membrane proteins from bacteria cultured in GEM4, for unknown reasons. As the virB is also transcribed when BM is cultured in TSB, we chose to isolate membrane proteins under those conditions. To obtain an overview of the protein distribution, we first used immobilized pH gradient (IPG) strips (180 mm) at pH 3-10. The result showed that the pI of most proteins was between 4 and 7; therefore, IPG strips with a pH range of 4-7 were chosen for 2-DE analysis. Representative 2-DE profiles of OMPs of BM and BMDvirB are shown in Fig.  1 . A total of 190 and 202 protein spots were detected for strains BM and BMDvirB, respectively. According to the quantitative differences (twofold change or greater), 70 protein spots were downregulated and 36 were upregulated in BMDvirB. Of these protein spots, 73 were successfully identified, representing 45 proteins (Table 1) . Among these differentially expressed protein spots, 40% (29/73) are predicted to be on the OM, 30% (22/73) to be cytoplasmic and periplasmic proteins and the locations of the remaining 30% (22/73) are unknown (Table 1) . Of these identified proteins, 13 were also identified in whole bacterial protein previously. Twenty-eight OMP products were identified, twice those identified in whole bacterial proteins. Interestingly, products of one gene identified in OM were different from those identified in whole bacterial proteins in molecular weight (MW) and pI . The large number of differentially expressed OMPs implied that disruption of virB considerably modified the OMPs in the virB mutant.
Expression profiles of the different products of the Omp25/Omp31 family were altered in BMDvirB
As expected, different products of the two major OMPs, Omp25 and Omp31, were found to be differentially expressed. They were assigned more than one protein spot on the 2-DE gels: 15 protein spots were encoded by Omp25, Omp25b and Omp25c, and seven by Omp31. The experimental pI and M r values of only a small part of the identified protein spots were in agreement with their corresponding theoretical values. For the majority of the products, considerable deviations of experimental pI from theoretical ones were observed (Table 1) . Although Omp25 is predicted to have a pI of 8.58, three of its products, with pIs of 5.28, 6.64 and 6.96, respectively, were experimentally identified. This protein, along with other group 3 proteins -Omp25b, Omp25c and Omp31 -formed a characteristic line of protein spots along the low and the middle MW range on the gels (Fig. 1 ). This phenomenon was also observed in Brucella abortus (Connolly et al., 2006) . Differences in the experimental pI and M r values between spots representing the same protein might be caused by protein oligomerization, post-translational modification and processing. More products were identified compared with those from whole bacterial proteome. These products showed MW and pI profiles different from those from whole bacterial proteome.
Inactivation of virB decreases transcription of B. melitensis Omp25/Omp31
Some of the Omp25 and Omp31 products were upregulated and some were downregulated. To test whether inactivation of virB alters the transcription of B. melitensis Omp25/ Omp31, we analyzed the transcription of omp25, omp25b, omp25c, omp25d and omp31 in BM, BMDvirB and BM-IVGT using qRT-PCR. Transcripts of omp25, omp25b, omp25c and omp31 were detected in BM, but no transcript of omp25d was detected. As shown in Fig. 2 , the transcription of these genes was significantly decreased in BMDvirB, but was recovered to some extent in BM-IVGT, indicating that transcriptions of these genes are affected by virB in a positive manner. Transcription of these genes changed about 40-200%. Compared with the relative expression level of their protein products, transcriptions of the Omp25/ Omp31 family were not considerably altered. These data implied that for the Omp25/Omp31 family, the regulation occurred at the post-transcription level, especially posttranslational levels.
The B. melitensis virB mutants form clumps containing exopolysaccharide, a phenotype resembling that of a vjbR mutant Interestingly, as the bacterial cultures of BMDvirB reached a high density, the cells aggregated and formed clumps, which was not observed in BM and BM-IVGT, indicating that inactivation of virB might result in this phenotype (Fig. 3a) . A phenotype-like biofilm was observed in a vjbR mutant, a cell density-dependent quorum-sensing regulator (Uzureau et al., 2007) . Our previous results showed that disruption of virB resulted in decreased transcription of vjbR. Therefore, it is possible that the aggregates have characteristics similar to those of the vjbR mutant. To further characterize the aggregation of the virB mutant, the aggregates were observed by scanning electron microscopy. As shown in Fig. 3b , whereas BM was isolated, BMDvirB formed large aggregates in which bacteria appeared to be embedded in a sticky matrix. The complementary strain BM-IVGT displayed a phenotype similar to that of BM (data not shown). To test whether exopolysaccharides are also a component of the matrix, culture samples were stained with calcofluor white. When calcofluor white was added, the aggregates of BMDvirB exhibited a bright fluorescence. However, no fluorescence was observed for the culture sample of BM and BM-IVGT (Fig. 3c) . These results indicated that the aggregates formed by BMDvirB contain exopolysaccharide, a characteristic resembling that of the vjbR mutant (Uzureau et al., 2007) .
The virB mutant showed increased sensitivity to polymyxin B and in vitro stresses of oxidative, high salinity and high osmolarity
Compared with other gram-negative bacteria, Brucella OM is more resistant to cationic polypeptide such as polymyxin B. Considerable alterations in membrane implied the possibility of sensitivity of the mutant to hostile environments.
To evaluate the effect of the inactivation of virB on B. melitensis OM properties, we tested the survival of the virB mutant after controlled exposure to polymyxin B. As shown in Fig. 4a , the survival percent of BMDvirB after treatment of polymyxin B was significantly reduced when compared with that of BM and BM-IVGT. This implies that inactivation of virB results in increased sensitivity to polymyxin B. OM integrity is related to bacterial survival under hostile environments, including extracellular and intracellular ones. To further analyze the effect of T4SS on B. melitensis OM properties, the survival of BM, BMDvirB and BM-IVGT under oxidative, high-salinity and high-osmolarity stresses simulating intracellular environments was compared. As shown in Fig. 4b , the survival of BMDvirB decreased under these stress conditions when compared with that of BM. The decreased survival of BMDvirB was recovered in the complementary strain BM-IVGT, indicating that the reduced survival is dependent on the inactivation of T4SS.
Discussion
Members of the genus Brucella are intracellular bacterial pathogens of a number of mammals. The ability of Brucella to invade and replicate in cells has been proven to be linked to its OM properties as well as the structures of the cell envelope. The notion that the Brucella OM plays important roles in virulence has been reinforced by the result that the virulence-related two-component regulatory system BvrR/ BvrS regulates the expression of OMPs as well as the structure of the lipopolysaccharide (Guzman-Verri et al., 2002; Manterola et al., 2005) , suggesting that virulence regulation systems may influence virulence by affecting the expression of OMPs. A quorum-sensing regulator vjbR was found to be essential for Brucella intracellular survival, and the vjbR mutant also showed considerable modifications in surface structure (Delrue et al., 2005; Uzureau et al., 2007) . Delpino et al. (2009) found that three products were detected in the supernatant of wild-type B. abortus, but not its isogenic virB mutant. In a previous study, using comparative proteomic technology, we analyzed whole bacterial proteins and found that in addition to a number of intracellular survival-related proteins that were differentially expressed in the virB mutant, expression profiles of products of the Omp25/Omp31 family were also changed, implying that T4SS might affect the membrane structure. In the present study, we compared the membrane proteomes of BM and its virB mutant. Many more OMPs were identified to be differentially expressed, confirming that the intracellular survival-related T4SS also affects the expression of OMPs and the OM properties of Brucella.
As expected, far more membrane proteins were identified in OM fractions (Table 1) . The Brucella spp. Omp25/Omp31 family comprises seven homologous OMPs: Omp25, Omp25b, Omp25c, Omp25d, Omp31 and Omp31b (Cloeckaert et al., 2002) . The expression profiles of Omp25, Omp25b, Omp25c and Omp31 were altered when virB was inactivated. Consistent with results from whole bacterial proteins, more than one protein spot for these proteins was observed on the 2-DE gels. These different protein spots might arise from post-translational modification or breakdown of the OMPs, which has been observed in other bacteria genera (Ying et al., 2005) . The different protein products of Omp25 resulting from posttranslational modification were validated by the results that transcription of omp25 was altered in 40-200% (Fig. 2) . The decreased expression and transcription of members of the Omp25/Omp31 family implied that membrane structure is affected by virB at both transcriptional and post-translational levels. In addition to the Omp25/Omp31 family, iron-regulated OMP FrpB (BMEII0105), organic solvent tolerance protein Imp (BMEI1264), metal chelate OM receptor BtuB (BMEI0657) and an unknown OMP BMEI1895 were also downregulated in the virB mutant. The decreased expression of these OMPs implies that inactivation of T4SS may lead to a drastic surface modification in B. melitensis.
Biofilm is a growth form where the bacteria cells are embedded in a matrix, providing some advantages for bacteria adaptation to different environments. Brucella is also able to form a biofilm, as exemplified by a vjbR mutant. The vjbR mutant clumps at a high cell density and produces exopolysaccharides, a component of biofilm extracellular matrices. The production of exopolysaccharides was related to Omp31, as a double mutant of vjbR and omp31 was unable to produce exopolysaccharides. Dot blot showed that the vjbR-deficient strain exhibited decreased production of Omp25 and Omp31, and increased expression of Omp10, Omp19 and Omp89, indicating that mutation of vjbR considerably modifies the membrane structure (Uzureau et al., 2007) . We unexpectedly found that the virB mutants also form aggregates resembling those formed by the vjbR mutant, forming the aggregates at a high cell density and producing exopolysaccharides in the extracellular matrices. The membrane structure modification occurring in the virB mutant was also consistent with that of the vjbR mutant: downregulation of Omp25 and Omp31. In addition, we found that different products of the Omp25/Omp31 family were differentially expressed, and their transcription was altered, indicating that the virB affected expression of Omp25 and Omp31 at both transcriptional and posttranslational levels. Taking into account our previous result of the positive regulation of vjbR by virB, it is possible that the aggregation, production of exopolysaccharides and decreased expression of Omp25/Omp31 might be the result of a decreased expression of vjbR in the virB mutant. However, this does not exclude other possibilities. For example, biofilm formation is a very complicated process involving a large set of genes. Membrane structure and metabolism-related genes are involved in biofilm formation. Actually, in our previous results, we found that T4SS affects the expression of many metabolism-related genes.
The particular properties of the OM are thought to be responsible for the resistance of Brucella spp. to the bactericidal action of cationic peptides (Martinez de Tejada & Moriyon, 1993; Freer et al., 1996) . To determine the stability of the OM, the susceptibility of the virB mutant to polymyxin B was assayed. The results showed that the virB mutant was more susceptible to polymyxin B compared with B. melitensis wild-type and the complementary strains (Fig. 4a) . This characteristic of virB mutant differs from that of the vjbR mutant, whose resistance to polymyxin B was not altered. This suggests that the alterations of virB may differ from that of vjbR in some aspects. To survive in host cells, intracellular bacteria have developed the capability to adapt to intracellular environments. The intracellular hostile environments include oxidative burst, high salt and high osmosis. BMDvirB showed reduced survival capability under the stress conditions compared with BM and BM-IVGT. Sensitivity to high salt and osmosis is closely related to OM properties. Therefore, it is possible that the increased sensitivity of the virB mutant results from a modified OM structure.
The T4SS is a membrane-associated structure that has been identified in a variety of bacterial species and has multiple functions. One function of T4SS of Brucella is to direct intracellular trafficking of BCV to reach a replication niche in the ER. During this process, effector proteins may play essential roles. A recent study showed that two proteins, VceA and VceC, were translocated by T4SS into a macrophage (de Jong et al., 2008) . It is possible that the two effectors, as well as other unidentified effector proteins, are involved in the virBmediated intracellular survival of Brucella (Zhong et al., 2009) . In this study, we analyzed the effect of T4SS on the OM properties of B. melitensis. On the one hand, comparative proteomics and qRT-PCR revealed that T4SS affects the expression of Omp25/Omp31 and other OMPs, and that the virB mutant has a higher susceptibility to the environmental stresses. On the other hand, clumping phenotype and susceptibility assays confirmed that the virB mutant displayed altered OM properties. Therefore, in addition to effector secretion, as a membrane structure, T4SS also affects the expression of major OMPs and the properties of the OM, possibly promoting the adaptation of Brucella to environments and being indirectly related to bacterial survival.
